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Basic Principles of Analytical Supercritical
Fluid Extraction

JERRY W. KING and JOHN E. FRANCE

The analytical chemist in general employs several procedural steps for the
characterization of complex samples. These steps can be classified into
three major tasks: sample preparation, analysis, and interpretation of the
resultant data. Advances in analytical chemistry have reduced the ex-
perimental burden and time required for these task areas; however, to date,
sample preparation continues to consume much of the analyst’s time in the
entire analysis protocol. Improved methods for sample preparation would
be welcomed in the analytical laboratory as well as techniques that
minimize the use of chemical reagents and their attendant disposal prob-
lems. This is particularly true in analytical protocols that require the use of
toxic or carcinogenic organic solvents in the sample preparation schemes.
The relatively new technique of supercritical fluid extraction (SFE) offers
the analyst an alternative for preparing samples prior to analysis, that is
rapid and environmentally less hazardous. This chapter will describe the
basic principles involved in applying the technique for sample preparation
in analytical chemistry.

Sample Preparation in Analytical Chemistry

An interesting review by Majors {1] summarizes the use of various tech-
niques utilized in current sample preparation schemes. Filtration and dilu-
tion are by far the most common steps that are employed by the analyst in
the preparation of his sample. Classical techniques, such as distillation and
liquid-liquid extraction are time consuming and cumbersome to apply in
specific cases. Often further refinement of the extract is required through
such techniques as size exclusion and adsorption chromatography [2].
These low efficiency fractionation methods are gradually being replaced by
miniature solid phase extraction columns. Supercritical fluid extraction is
a particularly expeditious technique for the removal of non-polar to
moderately polar compounds from a variety of sample matrices. However,
as will be shown later, SFE can be used for the solubilization and removal
of polar compounds by modifying the supercritical fluid with a cosolvent.
For trace analysis, many types of compounds can be processed with SFE,
since large analyte solubilities in the extraction fluid are not required.
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Utilization of Supercritical Fluids
in Analytical-Scale Extractions

Historically, the development of analytical SFE has been associated with a
form of chromatography. Early SFC studies employed the principle of SFE
in many of the injection devices to crudely fractionate complex mixtures
[3, 4]. The research of Stahl in Germany combined SFE with thin-layer
chromatography [S] for the fractionation of complex mixtures of natural
products [6]. The development of practical SFC systems in the early 1980s
saw the addition of micro-extraction devices which facilitate “on-line” SFE
with various modes of chromatography.

Recent studies on such instruments have demonstrated that SFE has
definitive advantages over conventional extraction methods. SFE has been
shown to extract quantitatively environmental toxicants {7 — 12], pesticides
{13-18], and many other compounds {19—21]. In general, extractions per-
formed by SFE require less time than those obtained using a conventional
method, such as Soxhlet extraction [8, 9, 11, 14, 19, 22]. In addition, SFE
yields results having better precision, than when similar extractions are per-
formed by the Soxhlet method [9, 11], even down to parts-per-billion level
of the analyte in the sample matrix.

Features of Analytical SFE -

Supercritical fluid extraction is a technique that employs a fluid phase hav-
ing intermediate properties between a gas and liquid, to effect the solubili-
zation of solutes. The advantages that are gained by employing SFE can be
traced to the unique physical properties that these fluids possess. Compared
to liquid solvents, supercritical fluids have lower viscosities and higher dif-
fusivities, thus allowing more efficient mass transfer of solutes from sample
matrices {23]. Another advantage of supercritical fluids is that their solvent
power can be adjusted through mechanical compression of the extraction
fluid. This feature not only permits selective extraction to be accomplished,
but allows the concentration of analytes after extraction, free from any con-
taminating solvent. Proper choice of the extraction fluid will also allow the

‘analyst to conduct the extraction at low temperatures, a feature which

makes SFE particularly amenable to the treatment of thermally-labile sub-
stances.

The above definition encompasses the use of these fluids in the field of
chemical engineering, as well as their use in analytical chemistry. It is worth
noting the similarities and differences that exist in the application of SFE
to these two diverse technical areas. The use of SFE in modern process
engineering applications was initiated in Germany during the late 1960s to
the early 1970s [24] and are well documented in the patent literature [23].
These early engineering studies showed that SFE was a viable alternative to
conventional distillation and solvent extraction processes and permitted the
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processing of substrates whose extraction could be adversely affected by
high temperatures and the presence of solvent residuals. It is important in
engineering applications of SFE to maximize the yield of the extract using
a minimal expenditure of energy [25]. In addition, care must be taken to
minimize the extraction pressure since this increases the costs associated
with the construction of plants designed to operate at high pressures.
Engineers must also be concerned with the conservation of the processing
fluid, hence the recycle mode of SFE is commonly employed in many in-
dustrial separation schemes.

For the application of analytical SFE, some of the above constraints are
removed. For example, the size of the sample or concentration of the target
analyte for analytical purposes is usually much smaller than in the
engineering case. This has two practical implications in analytical SFE. For
one, the quantity of extraction gas required-is considerably less than in large
scale SFE, therefore an inexpensive and non-toxic fluid can be decom-
pressed into the atmosphere after use. Secondly, for extractions involving
trace quantities of analyte, much lower extraction pressures can be utilized,
since large, finite solute solubilities in the supercritical fluid are not re-
quired. However, for certain analytical applications of SFE, the attainment
of maximum solubility may be desired {26]; therefore higher fluid densities
are needed in order to shorten the time of the extraction.

The properties of a supercritical fluid are of paramount importance when
considering the selection of a fluid as an extracting agent. The analyst
should strive to select a fluid that exhibits the best compromise in solubiliz-
ing the solutes of interest as well as the mass transfer characteristics re-
quired to rapidly effect the extraction of the analytes. Optimization of these
two factors will assure a high flux rate of the analyte into the extracting
medium, thereby saving consumption of fluid, while assuring rapid sample
processing. Giddings [27] has suggested that the solvent properties of a
supercritical fluid could be partitioned into a “state effect”, described by
the variation in the physical properties of fluid as a function of compres-
sion, and a “chemical effect” which is related to the static physical con-
stants of the gas (fluid). We shall examine the impact of these parameters
on the performance of specific fluids in the following sections.

Selection of the Supercritical Fluid

Two parameters which are of prime importance when considering the selec-
tion of a supercritical fluid are the critical pressure and temperature. The
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Table L. Critical constants for some common SFE solvents

Compound Critical Critical Critical
temperature pressure density
K) (MPa) © (g/ce)
Ethylene 283.0 5.12 0.23
Carbon dioxide 304.1 7.39 0.47
Nitrous oxide 309.6 7.26 0.46
Propane 369.8 4.26 0.22
Sulfur hexafluoride T 3188 3.76 0.75
Methanol 513.4 7.99 0.27
Water 637.0 22.1 0.32
Ammonia 405.4 11.3 0.24
n-pentane 469.8 31.37 0.23

critical pressure to a first approximation determines the magnitude of
fluid’s solvent power in the condensed state and therefore can be used as
a crude guide to match the fluid with the anticipated polarity of the com-
pounds to be extracted. For example, ethylene has a lower critical pressure
than carbon dioxide, as shown in Table 1. Based on this criterion, ethylene
would not dissolve a moderately polar solute to the same extent as carbon
dioxide. Likewise, fluids which exhibit higher critical pressures than carbon
dioxide, are known to solubilize polar moieties at higher concentrations in
the fluid phase than SC-CO,.

The critical temperature of the fluid exerts its influence in both a
theoretical and practical manner. From a practical perspective, one should
consider the effect of extraction temperature on the thermal stability of the
target analyte. Fluids which are characterized by high critical temperatures
will require elevated extraction temperatures in order to affect extraction in
the supercritical state. Conversely, fluids having sub-ambient critical tem-
peratures may require cooling of the extractor circuit in order to promote
densification of the extraction medium. Theoretically, the maximum extrac-
tion gas density is obtained by selecting an extraction temperature which is
close to the critical temperature of the chosen fluid. This effect can be dem-
onstrated by comparing the relative densities of carbon dioxide with those
of nitrous oxide over the pressure range encompassing their respective criti-
cal temperatures (see Table 1) at an extraction temperature of 40°C (313 K).
At the selected extraction temperature, nitrous oxide exhibits a larger in-
crease in density with pressure than CO,, since its critical temperature is
closer to the chosen extraction temperature [28).

The use of specific fluids can also enhance the solubility of a particular
class of analytes during SFE. For example, the solubility of certain opium
alkaloids in fluoroform is much larger than their recorded solubilities in
SC-CO, over the same range of extraction pressure and temperature [29].
This trend is due to the tendency of fluoroform to exhibit a specific propen-
sity for hydrogen bonding with alkaloid moieties in the supercritical fluid
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phase. Evidence for specific adduction in supercritical fluid state has also
been presented by King et al. {30], based on the computation of complexa-
tion constants from virial coefficient data for SC-CO,-alcohol mixtures at
moderate compression.

Unique Properties of Supercritical Fluid Carbon Dioxide

Inspection of Table 1 reveals that carbon dioxide is unique among the can-
didate fluids for effecting supercritical fluid extraction. Its critical tempera-
ture of 31 °C is close to room temperature, thereby permitting extractions
to be carried out at low temperatures on thermally labile compounds.
Modest compression of CO, produces a substantial change in its fluid den-
sity due to the high non-ideality exhibited by this fluid. Carbon dioxide is
also non-flammable and odorless; properties which facilitate its use in a
laboratory environment. Fluid carbon dioxide is also relatively inexpensive
and available in satisfactory quantities. With proper ventilation, it repre-
sents little harm to the analyst.

The solubility of solutes in carbon dioxide in both the fluid and liquid
phase have received considerable study in the past two decades [31]. The
classical study of Francis in 1954 [32] is also worth consulting, since it
qualitatively describes the solubility trends for 261 compounds in near criti-
cal CO,. Even though supercritical carbon dioxide preferentially extracts
non-polar compounds, it can exhibit an induced dipole moment {33}, which
enhances the extraction of moderately polar solutes into the fluid phase.
Generalized solubility rules, formulated by Stahl (5], support the above
observations, and indicate that the introduction of polar functional groups
into the molecular structure of a compound results in a substantial reduc-
tion in solute solubility in the SC-CO, phase. For trace analysis, such a
reduction in solubility may not be deleterious, provided that the solubility
level of a compound is adequate for analytical SFE and detection.

In general, SC-CO, is an excellent solvent for the extraction of lipophilic
solutes from a variety of sample matrices. Under the proper extraction con-
ditions, an appreciable amount of lipid material can be solubilized in SC-
CO,, which in certain specific applications of SFE can be an advantage or
disadvantage. In micro-analytical coupled SFE, the high solubility of lipids
can result in the extraction of excessive amounts of solute, which may
overload chromatographic columns and impact on peak resolution. In
other specific cases, the high solubility for these non-polar solutes may per-
mit the selective and easy isolation of a lipid phase associated with a sample
matrix.

The basis of the latter example is illustrated in Fig. { where the solubility
of soybean oil trigiycerides is plotted as a function of extraction pressure.
In this case, triglyceride solubility is a function of both extraction pressure
and temperature. In the case of the 80°C isotherm, there appears to be a
minimum “threshold pressure” which must be attained to solubilize a
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Triglyceride in SC~CO, (wt. %)

Fig. 1. Solubility of soybean oil triglycerides in l
SC-CO, as a function of pressure and tempera- 200 300 400 500 600
ture Pressure (atm.)

“measurable” amount of lipid. Another feature in the solubility trends for
triglycerides is the inversion in solubility at a particular temperature as ex-
traction pressure is increased. This pressure interval over which the inver-
sion in solubility occurs is called the “crossover” region, and its occurrence
permits the partial fractionation of solutes {34, 35]. Beyond the crossover
region, the lipid solubility increases with pressure, reaching a solubility
maximum at very high pressures. The appreciable increase in lipid solubility
can reach values in excess of 25% by weight, thereby permitting the rapid
isolation of lipids from large samples.

The Use of Cosolvents in SFE

In certain cases, it becomes desirable to add a cosolvent to a supercritical
fluid to enhance the solubility of an analyte in the extracting medium. Such
cosolvents, also called entrainers or moderators, are usually organic
solvents, that are added to the source of compressed fluid before the pump
or compressor, or alternatively, to the extraction gas after it is compressed,
using a high pressure liquid pump. The addition of a cosolvent to a super-
critical fluid not only enhances the solubility of a analyte, but in specific
cases will improve the separation factor between solutes as they are selec-
tively partitioned into the supercritical fluid phase. Maximum separation
factors are usually achieved at low solute levels in the supercritical fluid
phase, a condition that is more amenable to analytical SFE than to
engineering-scale SFE. The function of a cosolvent in a large scale SFE is
primarily to increase the solubility of non-volatile components in the com-
pressed gas phase and to facilitate solute separation after extraction,
without resorting to a reduction in the processing pressure [36].
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To date, there is no theory that can satisfactorily predict the effect of
cosolvent addition on the solubility of solutes in a supercritical fluid phase.
The effect of a particular cosolvent must largely be determined by experi-
ment observation. Recently, however, a thermodynamic rationale for cosol-
vent selection has been proposed by Johnston and coworkers {37]. To a first
approximation, the volatility enhancement of solutes into supercritical
fluids is controlled by the densification of the extraction fluid; cosolvents
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separation factor between solutes that differ in the number and type of
functional groups in their molecular structure.

Wong and Johnston [38] have shown for similar types of solutes such as
sterols, that the relative solubilities in SC-CO, are primarily determined by
the respective vapor pressures of the sterols. The addition of a polar organic
cosolvent to the SC-CO, in this study was found to enhance the solubility
of the sterols by up to two orders of magnitude and to provide a significant
enhancement of one sterol moiety over another in the supercritical fluid
medium. Greater enhancements have been reported when using cosolvents
which hydrogen-bond with specific solutes as demonstrated by the 620% in-
crease in solubility reported for 2-aminobenzoic acid upon the addition of
3.5 mole% of methanol to SC-CO, [39].

The use of cosolvents in SFE requires that the analyst choose his extrac-
tion conditions judiciously. For example, the addition of a cosolvent to the
fluid phase will change the critical point of the mixture from the one
recorded for the pure supercritical fluid. Hence, it is important to recognize
the magnitude of this change so as to adjust the experimental parameters
commensurate with conducting an extraction in the one phase region.
Likewise, the solubility of the cosolvent in the supercritical fluid is deter-
mined by the extraction temperature and pressure, therefore the quantity of
the cosolvent that can be added to the fluid phase must be regulated.

Cosolvent addition to supercritical fluids may also provide some addi-
tional benefits that can improve the extraction. For example, it has been
demonstrated that the addition of water to the fluid medium can change
the morphology of the substrate that is being extracted and result in an im-
proved extraction flux of a particular component, e.g. caffeine from coffee
[24). Cosolvents may also aid in the desorption of analytes from highly ad-
sorptive sample matrices by displacing the analyte from the surface as op-
posed to increasing its solubility in the supercritical fluid phase. The molec-
ular mechanism appears to be one of competitive adsorption between the
cosolvent, supercritical fluid, and adsorbed analyte on the surface of the
sample [12].

In recent years, very specific and novel agents have been added to various
supercritical fluids to provide both enhanced and selective extraction of
particular solutes. The use of an ion pairing agent such as tetrabutylam-
monium hydroxide has been cited for the removal of polar drugs from
aqueous solution [40]. Non-polar supercritical fluids containing reverse
micelles have been used to solubilize high molecular weight proteins and in-
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organic salts in the compressed gas phase. For example, the amino acid,
tryptophan, can be solubilized at levels 100 times more than that obtained
with pure supercritical ethane by the additional of the anionic surfactant,
sodium di-2-ethylhexyl sulfosuccinate, to the fluid phase {41]. Such specifi-
city creates many interesting possibilities for the analyst over and above the
results that have already been reported using conventional SFE.

3.3.1

In the practice of analytical chemistry, many analysts utilize an empirical
approach to arrive at the best experimental or analysis conditions. Such an
approach is made, in part, because of time limitations that are placed on
the analyst and partly due to the lack of theoretical guidelines which can
be utilized when analyzing complex samples. Many theoretical approaches
have been developed for predicting the solubility of solutes in supercritical
fluid media [42] but they are of limited value to the practicing analyst
because of computational time required and the lack of physical property
data on the target analytes, solvents, etc. Complicating the problem is the
influence of the sample matrix which may have a synergistic or retardative
effect on the recovery of solutes.

Objectf?és of the Extraction

To chose the optimal conditions for performing SFE, the analyst must
define his analytical objective, since for many applications, SFE is not a
highly discriminative technique. In fact, SFE rarely allows the isolation of
one specific analyte to the exclusion of other co-extracted moieties. A crude
form of fractionation can be accomplished by SFE [43] by simply varying
either the extraction pressure or temperature. Such a method yields positive
results only when there are significant differences in the molecular weight
or polarity between the components that are being extracted.

An example of this approach is illustrated in Fig. 2 where SC-CO, has
been used to fractionate the components in grapefruit oil during an on-line
SFE/SFC extraction. Utilizing a fluid density of 0.18 g/cm? for the extrac-
tion, allows the isolation of specific components from the oil matrix. This
low-pressure or density “skimming” of selected compounds can be used to
advantage to analyze specific components in a complex matrix [14]. The use
of higher extraction densities removes additional compounds; however, in-
spection of Fig. 2 reveals there are common components that are extracted
at each fluid density. The lack of selective extraction can tax the chromato-
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graphic resolving capabilities of an on-line extraction system, particularly
when the target analytes are minor components in the SFE. -

Total or complete extraction of the sample matrix by SFE requires that
the extraction time be optimized [44]. Fractionation of a mixture by SFE
shows not only a dependence on the experimental pressure and temperature,
but time as well. The observed molecular discrimination that occurs as a
function of time is often molecular weight dependent. Hence, for an in-
tegral off-line extraction, the initial samples taken on a sequential basis will
be enriched in lower molecular weight components. The time required to
complete a total extraction of the sample will be dependent on the mass of
the sample taken for extraction and the level of extractable material (by
SFE) in the sample. Total SFE of lipid phases from samples by SC-CO,
has been reported and can be accomplished quite easily by off-line SFE
[26].

The above citations are but two examples of the versatility of SFE. To
apply SFE properly, the analyst must become familiar with several critical
parameters that have impact on the extraction. These are discussed at length
in the next section.
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3.3.2 Critical Parameters Pertinent to SFE

There are several parameters which are of key importance in conducting an
extraction by SFE. These are 1) the pressure (or density) at which the
desired solute becomes miscible with the supercritical fluid phase, 2) the
condition for attaining maximum solute solubility in the extraction fluid,
and if available, 3) the physical and chemical properties of the solutes that
are to be extracted. In general, knowledge of the miscibility pressure and
solubility maxima for a given solute/fluid system will define the potentiai
range of pressures for fractionating the extracted components [13].

The miscibility pressure for a given solute-solvent pair remains a
somewhat ill-defined concept, since it depends on the technique that is used
to measure the solute’s solubility in the supercritical fluid. Giddings [28]
defined the concept of the “threshold pressure” based on the ability of a
flame ionization detector to detect a solute in a flowing stream of super-
critical fluid. King [45] has noted that it is possible to employ a range of
techniques for determining a solute’s threshold pressure in a supercritical
fluid, that vary in sensitivity over a range of 10°! For the analyst, it is most
important to have a knowledge of the relative miscibility pressures of dif-
ferent compounds, since their relative magnitudes will determine the feasi-
bility of separating components based on this principle. Unfortunately,
many compounds exhibit small differences in their respective miscibility
pressures, so that selective SFE of individual compounds proves difficult in
practice, due to the high precision required in regulating the extraction
pressure and the commensurate small solute solubilities that exist under
these conditions.

Knowledge of the pressure required for achieving maximum solubility of
the solute in the supercritical fluid phase has several important implications
in analytical SFE. Extractions conducted under these conditions can
shorten the extraction time and also permit the processing of larger samples
for analysis. Unfortunately, there is usually a loss in extraction selectivity
under these conditions and the compression requirements can be quite high.
For example, the removal of lipid phases from natural products is best af-
fected at pressures in excess of 69 MPa, where infinite miscibility of trigly-
cerides in SC-SO, is attained [46]. Extractions conducted at these condi-
tions can remove grams of lipid from a sample within fifteen minutes [26].

The physical properties of the solute can also play a role in SFE. Par-
ticularly germane are the compound’s melting point and vapor pressure.
Threshold pressures have been shown to be dependent on the melting point
of a compound and it has been observed that compounds with melting
points in excess of 350°C are not readily solubilized in dense CO, [47].
SFE is also more easily affected when the extraction is conducted at a tem-
perature above the compound’s melting point, since the solid’s cohesional
energy is reduced. The effect of a solute’s vapor pressure on the enhance-
ment factor in SFE has been described theoretically [48] and it has been
generally observed, that beyond a certain pressure, a compound’s solubility

W
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in a supercritical fluid increases with increasing temperature [49]. This latter
trend is due to the substantial reduction in the solute’s cohesive energy den-
sity with increasing extraction temperature which outweighs the commen-
surate loss of solvent power in the extracting fluid.

A Theoretical Approach for Optimizing SFE

As noted previously, analysts are prone to ignore theoretical approaches for- -
optimizing SFE, due to the lack of time or complexity of the theory. In the
course of our research, we have developed a relative simple method, based
on combining the solubility parameter theory with the Flory-Huggins in-
teraction parameter concept, which explains many of the salient features of
SFE. The data required by the above theory consists of fluid and solute crit-
ical or reduced property data and solubility parameters. Such data, if
unavailable, can be estimated from corresponding states theory [50], group
contribution methods {51}, or nomographs [52].
The key equations utilized in this approach are

v, 2
=+ xs=—(0,—6) + M
X=Xu+Xs RT(t 2 Xs

where x is the total interaction parameter yy, xs are the enthalpic and en-
tropic interaction parameters, respectively; J,, 9, are the solubility parame-
ters of the supercritical fluid and solute, respectively, and V, is the molar
volume of the fluid. The parameters &;,6, and V, are dependent on
pressure and temperature and this factor must be taken into account when
computing their values. The solubility parameter of the supercritical fluid,
J,, 15 calculated by the method of Giddings [27] as

6, = 1.25P(g,/ ©r, liquid) @)

where P, is the critical pressure of the fluid, g, is the reduced density of the
supercritical fluid, and ©r liquid is the reduced density of the near-liquid
fluid at conditions approaching infinite compression.

Equation { can be rearranged to reveal its functional dependence on
pressure. In this form, assuming a constant value for xs, plots of xy versus
pressure are hyperbolic, with the a minimum occurring at a pressure when
d, equals J,. At this condition, maximum solubility of the solute occurs in
the supercritical fluid. A common misconception in applying the above
theory to SFE is that the extraction conditions must be chosen to achieve
maximum solute solubility in the extracting fluid. However, for certain ap-
plications of SFE, such as the extraction of trace quantities of analyte,
much lower pressures and J, will suffice. In addition, it is not necessary
for the respective solubility parameters of the fluid and solute, 4, and J,,
to match, to achieve an effective SFE. Figure 3 illustrates this principle with
a solubility parameter scale encompassing the values for a number of polar
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compounds (drugs) and SC-CO, at two levels of compression. The obvious
mismatch in solubility parameters of the drugs and extracting fluid does not
mean that trace quantities of drugs, such as sulfamethazine or chloram-
phenicol, cannot be extracted into SC-CO,. However, significant differ-
ences in J, and J, indicate a low solubility of the solute in the extracting
fluid [13], and this may limit the quantitative recovery of such moieties in
SC-CO,.

Assessment of the miscibility pressure of the solute in the supercritical
fluid phase can be approximated by employing the Flory [53] critical in-
teraction parameter concept. Here, the critical interaction parameter, x, is
given by Eq.3 as

xe = I+x"%?/2x (3)

where x = V,/V; and V, is the molar volume of the solute. Since x_ is a func-
tion of V, and V,, x. will have a weak dependence on pressure. Plots of
and . as a function of fluid pressure will show a common intercept, whose
value on the pressure axis corresponds to the solute’s miscibility pressure in
the supercritical fluid. The above approach has been shown to accurately
predict the miscibility of the pesticide, DDT, with SC-CO, [13] and the
pressure range which is applicable for the fractionation of oligomers in SFC.

As a technique, supercritical fluid chromatography can be used indepen-
dently of SFE, as attested in the other chapters of this book. However, in
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many cases, SFC can assist in the development of an analytical SFE meth-
od. The relevance of SFC-derived data goes beyond its use as a characteriza-
tion tool for SFE-derived extracts, either on an analytical scale {40, 54 —~63]
or for monitoring pilot plant SFE processes [64]. Two generic areas of ap-
plication are worth noting: (1) the utilization of SFC measurements to
derive data relevant to analytical SFE, and (2) the implications of such mea-
surements to the analytical chemist in SFE method development.

Relevant Measurements by SFC

The application of SFC for the measurement of physicochemical data has
been documented in several review articles over the past decade [65, 66]. In
this section, we shall primarily be concerned with noting the relevance of
such data to analytical SFE. Table 2 tabulates some of the parameters which
can be derived from various SFC experiments.

Data such as diffusion and virial coefficients are derived from solute
peak broadening experiments or the pressure dependence of retention con-
stants, respectively {67, 68]. Although these parameters are of value in op-
timizing a SFE, they provide no immediate information to the analyst that
is likely to help in solving the analytical problem at hand. The determina-
tion of sorption isotherms or the measurement of solute solubilities in
supercritical fluids by chromatographic methods require the construction of
specialized apparatus [69] and employ different forms of chromatography
[45]. Such experiments require excessive time and knowledge that may not
be available to the analytical chemist.

An example of a useful and rapid SFC experiment for the analytical
chemist is depicted in Fig. 4, where the miscibility pressure as a function of
temperature has been determined for the pesticide, malathion, in SC-CO,.
The data were taken using a supercritical fluid chromatograph equipped
with a nitrogen-phosphorus detector, which permitted the detection of trace
levels of the organophosphorus pesticide in the column eluent. The instru-
ment was operated at various combinations of pressure and temperature
that were sufficient to just elute and detect a trace quantity. of the injected
pesticide. Therefore, at a temperature of 40°C, a CQO, pressure of approx-
imately 75 atmospheres was required to solubilize a small quantity of

Table 2. Parameters derived from SFC experiments

Diffusion coefficients
Sorption isotherms

Phase distribution coastants
Solubility measurements
Critical loci

Solute partial molar volumes
Virial coefficients
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Fig. 4. Miscibility pressure for malathion in SC-CO, as a function of temperature and
pressure as determined by SFC-nitrogen/phosphorus detector

malathion into the supercritical fluid phase. Note that an increase in tem-
perature required a higher fluid pressure in order to initially solubilize the
pesticide into the dense carbon dioxide phase. The data derived from the
above experiment provides the analyst with information concerning the
minimum extraction pressure required to extract trace levels of the pesticide.

Similarly, King and coworkers [70] have utilized elution SFC to ascertain
the ease of extraction of soybean oil volatiles from various sorbents. In
these experiments, simple columns were constructed containing the sorbent
material and inserted into the SFC. Elution pulse chromatographic ex-
periments were performed at various extraction conditions to determine the
pressure and temperature required to desorb the solutes from the adsorbent
column. The derived data proved of value not only in choosing the proper
sorbent and conditions for stripping the volatiles from a large scale SFE
process stream, but in the design of a side stream sampling device to collect
the solutes under elevated pressures and temperatures.

Iimplications for SFE

Other uses for SFC in the development of SFE methods are more indirect
then those cited above, but just as beneficial to the analytical chemist. For
example, the SFC literature is an excellent source for identifying compounds
that are most likely to be amenable to SFE {71 —73]. To illustrate this point,
the work of Fields and Grolimund [74] is worth citing, since it demonstrates
which amine solutes can be solvated in SC-CO, using capillary SFC.
Similar experiments can be performed quite easily by analyst, since they
provide instant verification on the extractability of a particular compound.
Obviously, if the compound in question does not chromatograph success-
fully, then the analyst should consider modifying the conditions for SFC,
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or perhaps explore the possibility of choosing an alternative extraction fluid
or cosolvent.

SFC retention data has also been shown to have a predictive value in
determining the correct cosolvent concentration that is required for the ex-
traction of thermally labile herbicides from a variety of sample matrices
{75]. In this case, elution order was found to correlate with relative extrac-
tion efficiency of the herbicides from various soils. Examination of other
chromatographically-derived parameters, such as solute capacity factor
{76], should aid the analyst in the selection of extraction conditions or for
the choice of cosolvents [77]. It should be recognized however that solute
chromatographic mobility through columns may not always mimic the envi-
ronment under which the SFE is performed, and the analyst should exert
caution in correlating the results from the two techniques.

3.541

The practice of SFE requires that the analyst construct or purchase suitable
equipment for conducting the extraction and establish the proper experi-
mental conditions required for the development of the analytical method.
A key question facing the analyst will be whether to conduct the extraction
in the “off-line” mode, or to combine the extraction step with another
analytical technique, thereby facilitating a “on-line” mode of extraction.
Utilization of the off-line mode of SFE offers many advantages to the
analyst who is inexperienced in SFE. On-line SFE requires that the analyst
understand and control more then one technique simultaneously, and
therefore may not be the best starting point for the novice to SFE. In the
following sections we shall discuss the equipment and experimental vari-
ables that are required to conduct both modes of SFE.

Equipment Requirements

Both off-line and on-line modes of SFE share a common base in the equip-
ment that is used to facilitate the extraction. Generically speaking, an
analytical supercritical fluid extractor consists of a source of fluid, a fluid
delivery module, an extraction cell, a backpressure regulating device, and a
collector for trapping the extract after SFE. The fluid is usually supplied
in high pressure gas cylinders, which can be equipped with inductor tubes,
if the fluid is to be pumped to into the SFE apparatus. In some cases, the
fluid tank pressure has been found to be sufficient for performing SFE of
trace levels of toxicants from various sample matrices [14].

There are a plethora of fluid delivery devices ranging from high pressure
diaphragm compressors, to gas booster pumps, or reciprocating piston
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pumps, and syringe pumps. Each device has its own merits, but there are
some general principles worth considering in selecting the fluid delivery
module. Many of the pumps used for delivery the fluid in analytical SFE
are modified high performance liquid chromatography (HPLC) pumps and
require an external cooling source to assure liquefaction of the fluid. Such
cooling is critical to the performance of plunger-based pumps to avoid
cavitation due to the introduction of a two phase fluid mixture at the pump
head. Syringe delivery pumps that are used for both SFE and SFC, also re-
quire a source of coolant for effective operation. It is well known in
engineering-scale SFE, that liquid pumps are thermodynamically more effi-
cient than compressors for delivery of the fluid to the extractor. Delivery
of a liquified gas also permits easy blending of cosolvents with the principal
fluid. The merits of using compressor technology mainly lie in the increased
fluid flow capacity that can be obtained with relatively inexpensive equip-
ment and the elimination of the external cooling requirement cited above
for pumping modules. Compressor based fluid delivery devices may also re-
quire the use of ballasts to dampen to pneumatic pulse from the compres-
sion stroke and its effect on the flow of the fluid.

Extraction calls have been fabricated out of a variety of materials, but
most cells consist of a tubular metal cavity with associated compression fit-
tings. Many of the reported on-line SFE studies have incorporated modified
HPLC column guard cartridges as sample holders. Such cells have finite
lifetimes, principally due to the development of leaks around the sealing
components of the cell. Alternative sealing methods exist that are based on
high pressure coned-and-threaded connections {26] which yield very long
service lifetimes. The size of the cell should be scaled to avoid excessive void
volume, which in turn reduces the amount of fluid required for the extrac-
tion. Incorporating diffusers at both the entrance and exit of the extraction
cell will assure that the fluid stream makes contact with the entire sample
during the extraction.

Devices used for regulating the extraction pressure on the extractor cell
have ranged from narrow fused silica capillary tubing, to bona fide back-
pressure regulators, or micrometering valves having adjustable flow
orifices. The selection of the device is governed by fluid flow rate desired
through the extraction cell and upstream pressure desired in the extractor.
The use of a silica capillary as a rate limiting orifice requires that the analyst
adjust the flow rate through the extraction cell by varying the length or in-
ternal diameter of the capillary tubing. Such a procedure is cumbersome
compared to using a micrometering valve or a accurate backpressure
regulator in conjunction with a precise fluid delivery pump [26]. Another
viable option is to use a micrometering valve for flow control into the ex-
traction cell and a backpressure regulator at the exit of the cell.

The need to isolate the extract after SFE has fostered a number of in-
genious collection schemes. A cardinal principle in selecting a collection
device is to use a vessel with sufficient volume to insure adequate collection
efficiency of the extracted solutes. Utilization of too small a collection
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volume can result in entrainment of the extracted solutes in the expanding
fluid stream. Many investigators have incorporated packing in the collector
to induce precipitation or applied cooling to assure that an adequate phase
separation takes place. Collector sizes have ranged from flasks containing
several hundred milliliters [60] to small, 1 —2 milliliter, vials [7}. The Joule-
Thomson expansion which accompanies the expansion of the fluid to am-
bient conditions can be uséd to advantage when collecting the extracted
sample in volatile solvents [78]. The cooling power of the expanding extrac-
tion fluid prevents evaporation of the coliection solvent which absorbs the
target analyte. Collection in enclosed vessels equipped with sampling tubes
can be used to advantage when sequential sampling during the extraction
is desired [26]. Sorbent trapping, or “accumulators™ have also been utilized
for collecting extracted analytes and this method may be preferred when the
fluid stream contains volatile analytes.

A discussion of the large variety of extractors is beyond the scope of this
chapter. Designs range from very simplistic, single sample off-line extrac-
tors, to complex “on-line” versions which incorporate syringe pumps for
both SFE and SFC and utilize cryocooling or retention gaps with
sophisticated valving to transfer the solute between the extraction and chro-
matography module. A very simple off-line extractor is portrayed in Fig. 5
and will serve as an example to convey how a supercritical fluid extractor
is assembled. In this example, liquified carbon dioxide is supplied to a syr-
inge pump through a high pressure cylinder equipped with a inductor tube.
The liquified gas is converted to the supercritical fluid state prior to filling
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EXTRACTION
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SYRINGE
PUMP RESTRICTOR
l— J ) COLLECT!ON
PREHEAT VAL
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Fig. 5. Schematic of an off-line supercritical fluid extractor
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the extraction vessel through the use of a heat exchange coil. The back-
pressure regulating device in this case is a narrow bore tube which restricts
the flow and increases pressure upstream. Collection of the extracted mate-
rial is facilitated in a vial. Such a system may also include a flowmeter or
gas totalizer to assess fluid flow or passage.

Experimental Considerations in Analytical SFE g

The analyst must consider a number of experimental details to achieve a
successful SFE. For example, the effect of temperature on the physical state
of the supercritical fluid and the resulting phase equilibria is particularly
important in executing SFE. It is critical that the SFE system be adequately
heat traced so that a single phase is maintained prior to decompression and
collection of the extracted solutes. Failure to maintain isothermal condi-
tions in the extraction cell can lead to variable results; however, such condi-
tions are not required throughout the entire system, provided that analyte
precipitation is avoided prior to its capture from the fluid stream. It is im-
portant to preheat the supercritical fluid prior to its introduction to the ex-
traction chamber. This step can be accomplished through the use of a coiled
fluid introduction tube or a more formal heat exchanger arrangement.
Likewise, heating of the decompression valves or regulators downstream
from the extraction cell is standard practice, in order to assure that precipi-
tation of the extracted analytes does not occur in the valve orifices. Such
a situation could cause cessation of fluid flow, due to the cooling effect ac-
companying the expansion of the supercritical fluid to ambient conditions.
Surprisingly, a number of commercial SFE devices have been constructed
which violate some of the above criteria.

The materials which comprise extraction equipment are usually checked
with respect to their pressure ratings, but frequent physical inspection of the
cell and its components should be standard practice. Cell and associated
tubing or valves should be inert with respect to the extraction conditions.
Sample matrices which contain water should be extracted using rust resis-
tant alloys, since even carbon dioxide can be regarded as a weak acid
anhydride. A more critical component are the polymeric materials used as
o-rings and seals in valve stems and associated high pressure fittings. Such
elastomers may undergo expansion under compression or be solvated by
contact with the supercritical fluid media. This phenomena may lead to
leaks in the extraction system or extraction of unwanted contaminants into
the isolated extract.

Another critical parameter in performing SFE is the design and orienta-
tion of the extraction cell. The size of the sample cell should be sufficient
to address the analysis problem. As noted previously, many in-line extrac-
tors coupled to supercritical fluid or gas chromatographs utilize cells rang-
ing in volume from 1 - 10 milliliters. Cells of this capacity are particularly
appropriate for cases where the available sample size is small, however they
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are of insufficient capacity for other types of analyses. Sizing of the extrac-
tor vessel should never be based on the available fluid delivery system, but
should be scaled to a level that will allow extractions to be performed on
a sample size that accurately reflects the matrix being analyzed. Large ex-
traction cells along with ancillary equipment have been described for use
in performing off-line analytical assays [26].

Cell geometries have tended to be cylindrical in deference to the variety
of high pressure tubing utilized in constructing extraction cells. Other
designs have been reported which permit recirculation of the extracting
fluid through the sample matrix [79] or transmission of the supercritical gas
through a aqueous matrix [40]. Using identical cells, Andersen et al. [80]
have noted differences in extraction efficiency depending on whether the ex-
traction cell was held in a vertical versus horizontal position. In certain
cases, a physical inversion of the sample and the extracting fluid may occur
within the cell due to change of density of the extracting medium with
respect to the sample. Regardless of the extraction cell’s spatial arrange-
ment, it is important to have the vessel well packed with the sample of in-
terest and to provide sufficient fluid to assure that the extraction is com-
plete.

The kinetics of a SFE parallels trends found in liquid-liquid extraction.
In general, quasi-equilibrium extraction gives way to diffusional-limited ex-
traction kinetics in the latter stage of the SFE. Factors which impact on the
rate of completion of the extraction, such as the sample matrix, will be
discussed in the next section. From a practical perspective, it is important
to ascertain how much fluid is required to complete the SFE. This parame-
ter may be expressed as a volume of fluid at either supercritical fluid or am-
bient conditions, or more preferably the mass of extraction fluid. Some
researchers {81} advocate the use of cell volumes as a measure of the fluid
required to complete the extraction. This is a questionable practice since the
contents of the cell can be compressed during the course of the extraction,
thereby changing the void volume of the cell.

In addition, changes in the flow rate of the fluid can occur during the
extraction. These variations in fluid flow can be measured with the aid of
a mass flowmeter or flow totalizer unit. The completeness of a off-line ex-
traction can be monitored by taking intermittent samples for analysis. For
extraction systems in-line with a form of chromatography, simply running
a second extraction will usually suffice to indicate whether the analyte of
interest has been completely removed.

The isolation of the extract, either from a on- or off-line SFE system re-
quires that certain precautions be taken. For instance, the temperature
chosen for enacting cryofocusing can introduce a bias into the sample that
is trapped in the tee or retention gap [82]. This will change the distribution
of the components in the resultant extract and hence can be used as a aid
in fractionating the total extract. Similarly, sorbent-filled columns can be
used to fractionate or isolate specific analytes from the fluid stream after
extraction, either at ambient or pressurized conditions. In the former case,
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it is important to remember that a supercritical fluid will undergo close to
a thousand-fold expansion upon decompression onto a “accumulator” car-
tridge, requiring that a adequate sorbent be available to capture the targent
analyte without breakthrough occurring from the trapping cartridge.
Similar considerations also apply when collecting or fractionating analytes
on sorbents under elevated pressure conditions. As shown in Fig. 6, the
breakthrough volume for two pesticides, DDT and ethion, on the sorbent,
alumina, decreases with increasing pressure of CO,. Therefore, capture of
two pesticides is best undertaken at pressures below 100 atmospheres, while
recovery of the analytes can be rapidly accomplished at pressures above 200
atmospheres. It should be noted that selective desorption of specific analyte
classes from particular sorbents can be affected by changing the nature of
supercritical fluid as reported by Levy et al. [83] and by Alexandrou and
Pawliszyn [9].

The nature of the sample matrix can have a profound effect on the resuits
that are obtained with SFE. Unfortunately, a knowledge of analyte
solubilities in supercritical fluids does not always allow a prediction to be
made as to the effectiveness of SFE for extracting a particular matrix {84].
Extraction of real sample matrices, such as soils or biological tissue, should
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be carried out experimentally, rather then depending on theory or results
obtained on neat analytes. In this section we shall examine the factors in
the sample matrix which influence the results obtained via SFE.

Physical Matrix Effects

The physical morphology of the substrate undergoing SFE can have a pro-
nounced influence on the efficiency of the extraction and the rate at which
it is conducted. In general, the smaller the particle size of the substrate, the
more rapid and complete the extraction will be. This effect is largely due
to the shorter internal diffusional path lengths over which the extracted
solutes must travel to reach the bulk fluid phase. Studies [85] have shown
that the geometric size of the matrix particles can influence the speed and
completeness with which a SFE can be conducted. As in solid-liquid extrac-
tion, an increase in a matrix’s porosity will generally promote a more effi-
cient and rapid SFE.

The leaching of a large amount of solute(s) from a sample matrix can
weaken the internal structure of the substrate, leading to comminution of
the matrix within the extraction cell. A deleterious artifact of this process
can be potential plugging of the sample matrix in the extractor. This condi-
tion can be partly alleviated by reversing the flow of the extraction gas via
a tandem arrangement of valves or by reducing the flow rate of fluid
through the matrix.

Chemical Changes in the Sample Matrix

The chemical composition of the sample matrix can have either an enhanc-
ing or retarding effect on the results that are obtained with SFE. One of the
major parameters that influences the composition of the supercritical fluid
extract is the moisture level in the sample matrix. For example, aroma oils
from tobacco products are preferentially removed in the absence of mois-
ture, while the presence of water is required for the extraction of alkaloids
from the tobacco matrix {86].

The effect of moisture on the SFE of analytes from biological tissues has
been a point of controversy for some time among researchers. However, it
appears that partial dehydration of the sample matrix will allow a more
rapid SFE to be performed. This is due to the fact that highly hydrophilic
matrices inhibit contact between the supercritical fluid and the target ana-
Iytes.

King and coworkers {26] have demonstrated that the removal of water
can have a dramatic effect on the recovery of lipid moieties from meat prod-
ucts. Similar trends have been noted by other research groups concerned
with the removal of pigments from krill {87] and drugs from body organs
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[62}. However, in some specific cases, the presence of water may actually
aid in the recovery of the target analyte by acting as a “internal cosolvent®.
For this reason, some analysts actually spike the sample matrix with water
before performing SFE. A rather dramatic example of the effect of water
in the sample matrix on the results of a SFE are shown in Fig. 7. Inspection
of thé resultant chromatograms shows that the two profiles are different
with respect to the number of components and their relative distribution in
the sample. These observed differences suggest that the presence of water
in the soil matrix may promote the extraction of some components into the
fluid phase relative to those obtained from a dry sample.

Impact of Matrix on Extraction Kinetics

The rate of removal of a solute from a matrix using a SFE is a function of
its solubility in the fluid media and the rate of mass transport of the solute
out of the sample matrix. Rate limiting kinetics can adversely impact on the
rapid extraction of an analyte despite favorable its solubility characteristics
in the supercritical fluid medium. This situation often occurs when the
analyst is trying to isolate a target analyte from a sample matrix, such as
a sorbent or a soil.

It is useful to invoke a simple extraction model for the SFE of an analyte
from a single particle to visualize the rate inhibiting mechanisms which im-
pact on the extraction. As shown in Fig. 8, there are four major mass trans-
port ‘mechanisms to consider:

® analyte diffusion through the internal volume of the sample
® surface desorption of the analyte



54 J.W. King and J.E. France

SF FLOW
—
SAMPLE
MATRIX
1 = Diffusion through matrix
2 = Desorption from surface Fig. 8. Mass transport steps for the SFE
3 = Ditfusion through 'SF' surface fiim of an analyte from a porous matrix
4 = Transport in SF flow particle

e diffusion of the analyte through a surface boundary layer
@ transport in the bulk supercritical fluid phase

If the rate determining step (RDS) is intraparticle diffusion, then the rate
of extraction will be a function of the particle size of the sample matrix.
It should be recognized that some matrices when exposed to supercritical
fluids swell, thereby facilitating the mass transport of the analyte from
within a sample matrix [88]. An excellent example of this principle is the
observation that polymeric films are plasticized by supercritical gases [89].
This undoubtably contributes to the recent success achieved by analytical
chemists in applying SFE for the analysis of additives in plastics [90].

Surface desorption of an analyte by a supercritical fluid is an important
step in SFE for many sample types. For certain analyte-matrix combinations,
the “solvent power” of the supercritical fluid alone will not suffice to assure
a rapid or complete extraction. Studies on the regeneration of adsorbents [91,
92] have shown that many compounds are note complietely recovered with
neat supercritical fluids and that desorption times are prohibitively long. The
use of a cosolvent, such as water or methanol, will frequently accelerate the
desorption of an analyte from the surface of the sample matrix. Wheeler and
McNally [15] have shown that extraction efficiencies of herbicides from soils
can be increased by direct addition of microliter quantities of ethanol or me-
thanol to the sample before commencement of extraction.

Diffusion of the analyte through a surface boundary layer may also
kinetically influence analyte extraction. As noted by King [93] and Parcher
[69], many solid samples will promote condensation of a surface layer of
the dense extraction fluid at the fluid-solid interface. The density of the ad-
sorbed surface film will partly depend on the pressure applied to the super-
critical fluid and the affinity of the sample matrix for the fluid. The devel-
opment of a condensed fluid film at the surface of the sample matrix can
aid in the recovery of certain analytes through competitive adsorption at the
sample interface {93] as well as inhibit the transport of the analyte into the
fluid phase. The kinetics of transport through a rate limiting surface film
will primarily depend on the thickness of the surface film and the total sur-
face area of the sample matrix.
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The final step depicted in Fig. 8 is the transport of the analyte in the bulk
fluid phase. Such transport is governed primarily by the diffusional coeffi-
cient of the analyte in the fluid medium. As noted previously, the diffusion
coefficients of solutes in supercritical fluids are intermediate between those
that they exhibit in liquid or gaseous media. This factor is independent of
the sample matrix. In some instances, enhancement of the mass transfer of
an analyte may be expected from free convection effects due to the variable
extraction density of the supercritical fluid [94]. Such an effect is readily ob-
served when conducting an extraction in a vertically-orientated cell, where
an analyte concentration gradient exists due to the differences in the respec-
tive densities of extraction fluid and target analyte.

The successes of analytical SFE have been noted in the previous sections
and amply demonstrated in the literature. However, as with any evolving
technique, analytical SFE has capabilities and limitations that are not total-
ly understood. Compared to liquid extractions, SFE has several more ex-
perimental factors that must be controlled and understood to achieve
reproducible resuits. Some of these parameters are tabulated in Table 3 and
have been discussed in previous sections.

Factors such as the collection technique and sample size are determined
by the physical nature of the expected extract and sample homogeneity,
respectively. Obviously, an extract consisting of volatiles cannot be collected
by employing a simple phase separation. In this case, a packed accumulator
cartridge would be the preferred coliection device. Small samples should
also be avoided in cases where the sample matrix is not homogeneous, since

Table 3. Experimental factors affecting analytical SFE

Pressure

Temperature

Filow rate

Extraction time
Collection technique
Sample size

Choice of supercritical fluid
Choice of modifier
Amount of modifier
System leaks

System contamination
Sample matrix




56 J.W. King and J.E. France

Table 4. Reproducibility of analytical scale supercritical fluid extractions

Analyte Matrix Concentration % RSD*
range (ppm)

Polyaromatic Diesel exhaust 1.4-55 0.3-7.0
Hydrocarbons (PAH) Particulate (NIST)

PAH Urban dust (NIST) 2.0-8.2 0.5—-1.0
PAH Urban dust (NIST) 2.1-8.1 0.4-1.0
PAH Tenax 0.1-2.0 3

PAH River sediment - 2-20
PAH Lampblack - 2416
Dioxin Soil 0.0016 — 0.0082 1~-20
Spice components Basil - 6—17
Polymer additives Polyethylene 5.5-1300 4-29
Menadione Rodent feed 20— 1500 0.4—-4.7

* Percent relative standard deviation.

the resultant extract may not accurately reflect the content of the sample.
Utilization of larger sample sizes in analytical SFE obviously favors off-line
techniques, since on-line methodology is ultimately limited by the analyte
concentrations that can be chromatographed. _

The set of parameters listed in Table 3 makes optimization of analytical
SFE to a particular analysis problem more time consuming than conven-
tional extraction techniques. However, the application of statistical ex-
perimental design methods to SFE [95] promises to ease the burden on the
analytical chemist. Excellent extraction reproducibility has been reported
for a number of different sample types using SFE as shown in Table 4.

Coextraction of unwanted solutes along with the target analyte frequent-
ly occurs in analytical SFE, whether conducted in the off- or on-line mode.
These interferences can be removed either by conventional sample cleanup
methods or by utilizing a sorbent column downstream from the SFE device.
Selective desorption of target analytes can be affected from coextracted
background matrix components, provided there are sufficient differences in
their respective breakthrough volumes on the sorbent in the presence of the
supercritical fluid (see Fig. 6). Alternatively, one can use a selective detector
which “blanks out” the interfering species in the analysis step. An example
of this principle is shown in Fig. 9 where an on-line extraction has been per-
formed on the pesticide, DDT, both neat and in a fat matrix with potentially
interfering components. The use of an electron capture detector (ECD)
after SFE and capillary SFC shows high specificity for the chlorinated
pesticide, whereas a flame ionization detector (FID) trace on the same ex-
- tract shows only a large unresolved triglyceride profile.

Finally, the opportunities for applying SFE in analytical chemistry are
numerous and appear to be only partially offset by the above limitations.
Routine use of the technique will require the development of instrumenta-
tion that will allow the analysis of multiple samples in either a batch or
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serial mode. These and other developments portend a promising future for
SFE: a technique which will help the analytical chemist and improve his lab-
oratory environment.

References

S

oL s W

O 00 -1

. Majors RE (1989) LC-GC 7:92
. Steinwandter H (1989) In: Zweig G, Sherma J (eds) Analytical methods for pesticides and

plant growth regulators, Vol 17. Academic, New York, pp 63-71

. Giddings JC, Myers MN, King JW (1969) J Chromatogr Sci 7:276
. Sie ST, Rijnders GWA (1967) Separation Sci 2:755
. Stahl E, Schilz W, Schutz W, Willing E (1978) Angew Chem Int Ed Engl 17:731

Stahl E, Quirin KW, Gerard D (1988) Dense gases for extraction-and refining. Springer-
Verlag, Berlin

. Hawthorne SB, Miller DJ (1986) J Chromatog Sci 24:258

. Schantz MM, Chesler SN (1986) J Chromatog 363:397

. Alexandrou N, Pawliszyn J (1989) Anal Chem 61:2770

. Hawthorne SB, Krieger MS, Miller DJ (1989) Anal Chem 61:736
11,
12.

Onuska Fl, Terry KA (1989) J High Resolut Chromatog 12:357
Dooley KM, Kao CP, Gambrell RP, Knopf FC (1987) Ind Eng Chem Res 26:2058



58

J.W. King and J.E. France

13.
. Nam KS, Kapila S, Pieczonka G, Clevenger TE, Yanders AF, Viswanath DS, Mallu B

15.
16.
17.

18.
19.
. Schneiderman MA, Sharma AK, Locke DC (1988) J Chromatog Sci 26:458
21,
22.
23.

24,

25.
26.
217.
28.

29.
30.
31.
32.
33.

34.
3s.
36.
37.
38.
39.
40.
41.

42,
43,

48.

49,
50.
51,
S2.
53.
54.
55.
56.

King JW (1989) J Chromatog Sci 27:355

(1988) In: Perrut M (ed) Proceedings of the international symposium on supercritical
ftuids. Tome 2 Institute National Polytechnique de Lorraine, France, p 743750
Wheeler JR, McNally ME (1989) J Chromatog Sci 27:534

Janda V, Steenbeke G, Sandra P (1989) J Chromatog 479:200

Lopez-Avila V, Becker WF, Billets S (1989) In: Proceedings of the 5th annual waste testing
and quality assurance. Symposium, Vol 2. US EPA, Washington, DC, p 11-73
Schafer K, Baumann W (1989) Z Anal Chem 332:884

Schneiderman MA, Sharma AK, Locke DC (1987) J Chromatog 409: 343‘ v

Xie QL, Markides KE, Lee ML (1989) J Chromatog Sci 27:365

Hawthorne SB, Miller DJ (1987) J Chromatog 403:63

McHugh MA, Krukonis VJ (1986) Supercritical fluid extraction: principles and practice.
Butterworths, Boston, MA

Zosel K (1980) In: Extraction with supercritical gases.  Verlag Chemie, Weinheim, Ger-
many, pp 1-23

Eggers R, Tschiersch R (1978) Chem Ing Tech 50:842

King JW, Johnson JH, Friedrich JP (1989) J Agric Food Chem 37:951

Giddings JC, Myers MN, McLaren L, Keller RA (1968) Science 162:67

King JW (1984) Preprints-Polymeric Materials Science & Engineering Division, Vol 51.
American Chemical Society, Washington, DC, pp 707-712

Stahl E, Willing E (1980) Pharm Ind 42:1136

Hemmaplardh B, King Jr AD (1972) J Phys Chem 76:2170

Brogle H (1982) Chem Ind (12):385

Francis AW (1954) J Phys Chem 58:1099

Lira CT (1988) In: Charpentier BA, Sevenants MR (eds) Supercritical fluid extraction and
chromatography. American Chemical Society, Washington DC, pp [ -25

Chimowitz EH, Pennisi KJ (1986) AIChE J 32:1665

Johnston KP, Barry SE, Read NK, Holcomb TR (1987) ind Eng Chem Res 26:2372
Peter S, Brunner G, Riha R (1976) Fette Seifen Anstrichmittel 76:45

Dobbs JM, Wong JM, Lahiere RJ, Johnston KP (1987) Ind Eng Chem Res 26:56
Wong JM, Johnston KP (1986) Biotech Progress 2:29

Dobbs JM, Johnston KP (1987) Ind Eng Chem Res 26:1476

Hedrick J, Taylor LT (1989) Anal Chem 61:1986

Johnston KP (1989) In: Johnston KP, Penninger JML (eds) Supercritical fluid science and
technology. American Chemical Society, Washington, DC, pp 1-12

Rizvi SSH, Benado AL, Zollweg JA, Daniels JA (1986) Food Tech 40 (6):55

Friedrich JP, List GR, Spencer GF (1988) In: Baldwin AR (ed) Proceedings of the 7th in-
ternational conference on jojoba and its uses. American Qil Chemists’ Society, Cham-
paign, IL, 165172

. Hawthorne SB, Miller DJ, Krieger MS (1988) Fresenius Z Anal Chem 330:211
4S.
46.
47.

King JW (1984) J Am Oil Chemists’ Soc 61:689

List GR, Friedrich JP, King JW (1989) Oil Mill Gazetteer 95 (6):28—-34

Bowman Jr LM (1976) Dense gas chromatographic studies. Ph D Thesis, University of
Utah, Salt Lake City, UT

Prausnitz JM (1969) Molecular thermodynamics of fluid- phasc equilibria. Prentice-Hall,
Englewood Cliffs, NJ, p 36-39

Kurnik RT, Reid RC (1981) AIChE J 27:861

Allada SR (1984) Ind Eng Chem Process Des Dev 23:344

Fedors RF (1974) Polym Eng Sci 14:147

Jayasri A, Yaseen M (1980) J Coatings Tech 52 (667):41 45

Flory PJ (1953) Principles of polymer chemistry. Cornell University Press, Ithaca, NY
Sugiyama K, Saito M, Hondo T, Senda M (1985) J Chromatogr 332:107

Jackson WP, Markides KE, Lee ML (1986) HRC & CC 9:213

Skelton Jr RJ, Johnson CC, Taylor LT (1986) Chromatographia 21:4



Basic Principles of Analytical Supercritical Fluid Extraction 59

57.
58.
59.

65.
66.
67.
68.
69.
70.

71.

72.

73.

74.
7s.
76.
77.
78.
79.
80.

81.
. Andersen MR, Swanson JT, Porter NL, Richter BE (1989) J Chromatogr Sci 27:371
83.

84.
8s.
86.
87.
88.

. Chiou JS, Barlow JW, Paul DR (1985) J Apply Polym Sci 30:3911
90.

91,

Gmuer W, Bosset JO, Plattner E (1987) J Chromatogr 388:335

Engelhardt H, Gross A (1988) HRC & CC 11:38

Raynor MW, Davies IL, Bartle KD, Clifford AA, Williams A, Chalmers JM, Cook BW
(1988) HRC & CC 11:766

. McNally ME, Wheeler JR (1988) J Chromatog 435:63
61.
62.
63.

Saito M, Yamaguchi Y, Inomata K, Kottkamp W (1989) J Chromatog Sci 27:79
Ramsey ED, Perkins JR, Games DE, Startin JR (1989) J Chromatogr 464:353
Thiebault D, Chervet JP, Vannoori RW, DeJong GJ, Brinkman UA, Frei RW (1989)
J Chromatogr 477:151

. Sieber R (1988) In: Perrut M (ed) Proceedings of the international symposium on

supercritical fluids, Vol 2. Institute National Polytechnique de Lorraine, France,
p 619

van Wasen U, Swaid [, Schneider GM (1980) Angew Chem Int Ed Engl 19:575

Smith RD, Udseth HR, Wright BW, Yonker CR (1987) Sep Sci Tech 22:1065

Feist R, Schneider GM (1982) Sep Sci 17:261

Sie ST, Van Beersum W, Rijnders GWA (1966) Sep Sci 1:459

Parcher J, Strubinger JR (1989) J Chromatogr 479:251

King JW, Eissler RL, Friedrich JP (1988) In: Charpentier BA, Sevenants MR (eds) Super-
critical fluid extraction and chromatography. American Chemical Society, Washington,
DC, p 63—88

Markides KE, Lee ML (1989) SFC applications. Brigham Young University Press, Provo,
uT

Smith RD, Udseth HR, Wright BW (1985) In: Penninger JML, Radosz M, McHugh
MA, Krukonis VJ (eds) Supercritical fluid technology. Elsevier, Amsterdam, pp
191-223

McMahon D, Cohen KA, Taylor LT (eds) (1988) Chromatography illustrated. Preston
Publications, Niles, IL, pp 73-90

Fields SM, Grolimund K (1988) HRC & CC 11:727

McNally ME, Wheeler JR (1988) J Chromatogr 447:53

Klesper E, Leyendecker D, Schmitz FP (1986) J Chromatogr 366:235

Levy JM, Ritchey WM (1986) J Chromatogr Sci 24:242

Hawthorne SB, Miller DJ (1987) Anal Chem 59:1705

Engelhart WG, Gargus AG (1988) 20 (2):30

Swanson JT, Andersen MR, Richter BE (1990) Theory of mass transfer applied to micro-
SFE. Paper presented at the symposium/workshop on supercritical fluid chromatography,
Part City, UT '

Hawthorne SB (1990) Anal Chem 62:633 A

Levy JM, Cavalier RA, Bosch TN, Rynaski AF, Huhak WE (1989) J Chromatogr Sci
27:341

King JW, France JE, Taylor SL (1990) In: Sandra P, Redant G (eds) Proceedings —
{{th international symposium on capillary chromatography. Hiithig, Heidelberg, pp
595-601 :

Synder JM, Friedrich JP, Christianson DD (1984) J Am Oil Chemists’ Soc 61:5475
Roselius W, Vitzhum OG, Hubert P (1976) DBP 2142205

Yamaguchi K, Murakami M, Nakano H, Konosu S, Kokura T, Yamamoto H, Kosaka M,
Hata K (1986) J Agric Food Chem 34:904

King JW (1989) Abstracts of the Pittsburgh conference, Atlanta, GA, #397

Nicholas J, Bartle KD, Clifford AA (1990} In: Sandra P, Redant G (eds) Proceedings —
11th international symposium on capillary chromatography, Hiithig, Heidelberg, pp
665~672

Modell M, deFilippi RP, Krukonis V (1980) In: Suffet [H, McGuire MJ (eds) Activated
carbon adsorption of organics from the aqueous phase, Vol {. Ann Arbor Science Pub-
lishers Inc, Ann Arbor, MI, pp 447-462



J.W. King, J.E. France: Basic Principles of Analytical Supercritical Fluid Extraction

92.

93.

94,
9s.

Picht RD, Diliman TR, Burke DJ, deFilippi RP (1982) In: Ma YH (ed) Recent advances
in adsorption and ion exchange, Vol 78. AIChE, New York, NY, pp 136149

King JW (1987) In: Squires TG, Paulaitis ME (eds) Supercritical fluids: Chemical and
engineering principles and applications. American Chemical Society, Washington, DC, pp
150-171

Randolph TW (1990) Trends in Biotech 8:78

Fisher RJ (1989) Food Tech 43(3):90



